Abstract: A 3D nano-/micrometer-scaled NiO material with urchin-like structure was prepared via a facile, green synthesis route, and served as a highly efficient and durable catalyst for catalytic transfer hydrogenation (CTH) of bio-based furfural (FF) to furfuryl alcohol (FAOL) using 2-propanol as H-donor and solvent. The as-prepared NiO possessed a good active-site accessibility owing to a high surface area and large amount of acid-base sites, resulting in high FF conversion of 97.3% with 94.2% FAOL yield at 120 °C and 3 h of reaction, which was a superior catalytic performance compared to commercial NiO nanoparticles. Besides, the excellent catalytic performance of the sea urchin-like NiO was validated for gram-scale FAOL synthesis, and recyclability test confirmed the catalyst to be reusable for multiple reaction runs without significant activity loss after intermediary calcination in air. Notably, the introduced catalytic system was also applicable to CTH of alternative bio-derived aldehydes.
Introduction
Considerable attention is nowadays directed towards the development of renewable feedstock from biomass resources that can serve as substitutes for limited fossil-based resources for the production of bio-fuels and fine chemicals [1] [2] [3] . Furfural (FF), the acid-hydrolysis product of biomass-derived C5-based carbohydrates, is recognized as one of the most promising feedstock in the manufacture of a broad spectrum of fuels and valuable chemicals via upgrading strategies such as, e.g., hydrogenation, hydrogenolysis and aldolization [4] [5] [6] . Furfuryl alcohol (FAOL), as a typical representative reduction derivative of FF, can serve as a versatile precursor in the synthesis of synthetic fibers, resins, adhesives and vitamin C [7] [8] [9] [10] , and act as an intermediate linking C5-carbohydrates to the down-stream products of bio-based furan derivatives (e.g., levulinic acid and γ-valerolactone) (Scheme 1) [11, 12] . In this regard, hydrogenation of FF into FAOL has received widespread attention.
Scheme 1 Cascade synthesis of FAOL from bio-based carbohydrates and application of FAOL.
The multi-functionality of the FF molecule (i.e., C=C, C=O and C-O) can result in several hydrogenation products such as FAOL, tetrahydrofurfuryl alcohol (TFAOL), 2-methylfuran (2-MF) and 2-methyltetrahydrofuran (2-MTHF) [13] [14] [15] . This renders the selectivity formation of FAOL from FF a remaining challenging as low product yield is often obtained [16, 17] . So far, many heterogeneous catalysts have been developed for the transformation of FF into FAOL using gaseous hydrogen as H-donor [18] [19] [20] [21] . However, low reaction selectivity towards the target product and the potential danger of handling pressurized, external H2 gas owing to its flammable and 4 explosive properties coupled with the high cost of transportation and storage, encourage exploitation of alternative strategies for the production of FAOL from FF [22] . Recently, catalytic transfer hydrogenation (CTH) has emerged as a very interesting alternative approach using abundant, renewable and low-cost alcohol as combined H-donor and solvent during the process. This results in more safe and convenient operation in comparison with the direct use of gaseous H2 as H-donor in terms of cost and handling [23] [24] [25] [26] . Moreover, it is proven that carbonyl groups can be highly selectivity reduced to hydroxyl groups during the CTH process, which is strongly associated to the Meerwein-Ponndorf-Verley (MPV) reaction in organic chemistry [27] . Many heterogeneous catalysts have already been exploited for CTH of FF to FAOL with alcohol (Table S1 ), but although substantial progression have been made most catalytic systems are generally subjected to undesired harsh reaction conditions (i.e., T ≥ 140 °C and/or t ≥ 6 h) and require large catalyst dosage to work efficiently. In addition, most of the reported catalysts involve tedious preparation procedures limiting their practical application. Thus, there is still great potential to improve the synthesis of FAOL from FF by CTH.
The structural features of solids, including morphology, surface area and component dispersion, have a significant influence on their catalytic performance [28, 29] . In this perspective, 3D micro or nano-materials with hierarchical construction have shown outstanding activity in catalysis thanks to their large surface area, highly available active sites and improved mass transportation [30] . For instance, has flower-like Co3O4-CeO2 composite demonstrated to be an efficient catalyst for the degradation of 1,2,4-trichlorobenzene [31] , flower-like MgO catalyst was efficient for dimethyl carbonate synthesis [32] , and 3D flower-like micro/nano Ce-Mo composite oxide has been developed as an efficient catalyst for one-pot transformation of fructose to 2,5-diformylfuran [33] .
In previous work [34] , we reported that commercially available NiFe2O4 nanoparticles could efficiently catalyze the CTH of FF to FAOL with 2-propanol. Following our 5 continuous interesting in the development of highly efficient and low cost catalysts for the CTH of FF, we prepared in this study 3D sea urchin-like and flower-like NiO catalysts by facile and environmental-friendly methods without the use of strong base or pungent ammonia hydroxide. The 3D sea urchin-like NiO was thoroughly characterized by various techniques and demonstrated to be highly catalytic activity for CTH of FF to FAOL with 2-propanol as H-donor, yielding 94.2% FAOL under mild reaction conditions (120 °C, 3 h).
Experimental

Materials
Nickel(II) chloride (98%), PEG-PPG-PEG pluronic P-123 (Maverage = 5800 g/mol), NiO (99.8%, <50 nm particle size), furfuryl alcohol (FAOL, 98%), 5-methylfurfural (5-MFF, 99%), naphthalene (>99%, internal standard), benzaldehyde (>99%), benzyl alcohol (≥99%), 4-methoxybenzaldehyde (98%), 4-methoxybenzyl alcohol (98%),
2,4,6-trimethylbenzaldehyde (98%), 2,4,6,-trimethylbenzyl alcohol (99%), cinnamic alcohol (98%), heptanal (≥95%), 2-propanol (99.5%), methanol (≥99.8%), ethanol (99.5%) and acetone (≥99%) were purchased from Sigma-Aldrich. Cinnamaldehyde (>98%) was received from Merck. 5-Hydroxymethylfurfural (HMF, ≥95%), 2,5-furandicarboxaldehyde (DFF, ≥95%), 5-methylfuran-2-methanol (≥95%) and 2,5-furandimethanol (≥95%) were obtained from Bepharm Ltd. Urea (≥99%), furfural (FF, ≥99%), 2-butanol (≥99.5%), tert-butyl alcohol (≥99.7%) and n-heptanol (>99%)
were procured from Fluka.
Catalyst preparation
In a typical synthesis, 1.296 g (10 mmol) NiCl2, 1.80 g (30 mmol) urea and 2.5 g pluronic P-123 were dissolved in deionized water (80 mL) with magnetic stirring (500 rpm) at room temperature for 2 h. The resulting green transparent solution was then transferred into a 200 mL Teflon lined stainless steel autoclave and heated at 90 °C for 6 bath, the green product collected by filtration followed by washing with deionized water until the pH of the filtrate was neutral following by drying at 80 °C in air for 5 h (86% yield of solid). Finally, the as-prepared sample was calcined at 300 or 400 °C in air for 4 h and the obtained catalyst were denoted as NiO(P)-300 or NiO(P)-400, respectively. For comparison, NiO-300 was prepared according to the above described procedure but in the absence of pluronic P-123.
Catalyst characterization
Power X-ray diffraction (XRD) patterns of samples were acquired on a Huber G670 samples were recorded on a ThermoScientific K-Alpha spectrometer with Al Kα radiation (1484.6 eV), in which C 1s at 284.8 eV was applied as calibration peak.
Metal leaching from the NiO(P)-300 catalyst in the filtrate after reaction was determined by ICP-MS (inductively coupled plasma optical emission mass spectrometry) on a Thermo Scientific iCAP Q ICP-MS with the aid of acid digests.
Catalytic activity test and product analysis
The The recyclability of the NiO(P)-300 catalyst was tested over six consecutive reaction runs at 120 °C with a reaction time of 3 h. For the first four runs, the used catalyst was after each run separated by centrifugation, washed with ethanol and acetone (5 mL) in sequence, subsequently dried at 80 °C for 2 h and then used for the next run. For the fifth and sixth recycle runs, catalyst regeneration were achieved by calcination in air at 300 °C for 4 h. Product analysis was performed as described above.
The CTH of other aldehydes was performed in a similar way as described above, but with a 50 mL stainless steel autoclave with mechanical stirring using 2 mmol substrate, 0.06 g catalyst, 10 mL 2-propanol and reaction temperature of 140 or 150 °C. Table 1 . As expected, higher calcination temperature greatly diminished the surface area of the as-prepared NiO (entries 2 and 3, Table 1 ). Besides, the surface area of NiO(P)-300 was larger than that of NiO-300 (entries 2 and 4, Table 1 ), revealing that the addition of pluronic P-123 during the course of preparation increased the surface area of the formed material. The morphologies of the as-prepared catalysts were visualized by SEM and TEM analysis ( Figure 2 ). The SEM image of NiO(P)-300 ( Figure 2a ) revealed a well-defined 3D nanometer-scale structure, which was assembled from a core with many densely arranged nano-needles as "spikes". The 3D nanometer-scale structure of NiO(P)-300 was clearly confirmed by its TEM image (Figure 2b ) consisting of a core of about 120 nm in diameter with "spikes" having diameters of about 50 nm.
Thus, the construction of the NiO(P)-300 catalyst looked like "sea urchin".
NiO(P)-400 possessed less pronounced sea urchin appearance, which seemed to be destroyed at increased calcination temperature. Instead it presented a agglomerated shape (Figures 2c and 2d ), which could account for the lower surface area of NiO(P)-400 (entry 3, Table 1 The acid and base properties of the catalysts were further measured using NH3-and CO2-TPD (Figures S1 and S2). As shown in Table 1 , the acidity and basicity of the NiO catalysts were strongly associated to the calcination temperature as evident from the NiO(P)-300 and NiO-300 samples, which possessed almost the same amount of acid and base sites (entries 2 and 4, Table 1 ), while NiO(P)-400 in comparison had less acid and base sites (entry 3, Table 1 ). Acidity and basicity were evaluated by NH3-and CO2-TPD, respectively.
Furthermore, the Ni species in NiO(P-300) and commercial NiO nanoparticles were examined by XPS analysis. The XPS spectra of the Ni 2p3/2 region ( Figure 3) exhibited a main peak at about 854 eV and an associated satellite peak at about 861 eV for both NiO(P-300) and commercial NiO nanoparticles [35, 37] . Overall, four deconvoluted peaks were needed to reproduce the shape of the Ni 2p3/2 signal, where the peaks at about 854.0 and 855.5 eV in the main peak region were characteristic of Ni 2+ species and the other two deconvoluted peaks located at six to eight eV higher binding energy relative to the main peaks (i.e., 854.0 and 855.5 eV) are generally assigned to satellite peaks [37, 38] . No peak at 852.6 eV assignable to metallic Ni [38] was observed in either of the samples. 
Catalyst evaluation for CTH of FF
Initial investigations were commenced by using the as-prepared NiO catalysts for CTH of FF to FAOL in 2-propanol at 120 °C (Table 2) . A reference experiment confirmed that the formation of FAOL did not take place without catalyst present (entry 1, Table 2 ). In contrast, considerable amount of FAOL formed using different nickel oxides (entries 2-5, Table 2 ), confirming that the acid-base properties of metal oxides was capable of facilitating the CTH reaction relying on MPV reduction [39] [40] [41] . Table 2 ).
Hence, both as-prepared NiO with sea urchin (i.e., NiO(P)-300) or flower (i.e., NiO-300) construction exhibited superior performance to commercial NiO nanoparticles with a mean particle size of about 15 nm ( Figure S3 ) in the CTH of FF to FAOL, possibly as a consequence of their special constructions in combination with large density of acid-base sites. Noteworthy, as-prepared NiO with flower construction (i.e., NiO-300) afforded a slightly lower selectivity toward FAOL compared to the other tested NiO catalysts (entries 2-5, Table 2 ). This was likely associated to the large particle size of NiO-300 as evidenced from Figure S4 , in well agreement with nano-catalysis offering excellent selectivity [22, 42] . As the as-prepared nanometer-scaled NiO with sea urchin construction (i.e., NiO(P)-300) showed the best catalytic performance, this catalyst was selected for further study. 
CTH of FF with NiO(P)-300
Effect of temperature, time, H-donor alcohol and catalyst dosage
The catalytic results obtained from CTH of FF with NiO(P)-300 by variation of reaction temperature and reaction time are presented in Figure 4a . Increased reaction temperature or prolonged reaction time leads to an increase in FF conversion and FAOL yield, while the FAOL selectivity remained over 95% as clearly verified by the GC chromatograms of the reaction mixture ( Figure S5a) . Also, trace amount of 2-(diisopropoxymethyl)furan formed from acetalization of FF with 2-propanol was detected at the different reaction temperatures ( Figure S5b ). As high as 88.9% yield of FAOL along with 91.8% FF conversion was attained even at 100 °C with a reaction time of 5 h, signifying the excellent catalytic performance of NiO(P)-300. The great performance of the catalyst system was associated to a relative low activation energy (41.8 kJ/mol) ( Figure S6 and Table S2 ), which was slightly lower than previously reported catalyst systems for CTH of FF to FAOL (Table S1 ). Almost complete FF conversion was achieved at 120 °C after 4 h of reaction or at 140 °C after 2 h of reaction (Figure 4a ), clearly demonstrating that increased reaction temperature shortened the required reaction time to afford full FF conversion. Noteworthy, the reaction carried out at 120 °C for 3 h offered 97.3% FF conversion and 94.2% FAOL yield, which were chosen as preferred conditions for further optimization. Variation of the alcohol acting as solvent and H-donor in the tested system had a significant effect on the catalytic behavior (Figure 4b ). No FAOL was formed using tert-butanol as the reaction media, confirming that it could not facilitate CTH. On the other hand, excellent FAOL selectivities were achieved with 2-propanol and 2-butanol, confirming the good H-donating capability of secondary alcohols. Notably, a moderate FF conversion was observed at 120 °C in 2-butanol while ~90% FF conversion was achieved at 160 °C (Table S3) . This difference was probably a consequence of the relatively high viscosity and/or steric hindrance effect of 2-butanol compared to the other alcohols (e.g., 2-propanol), resulting in relatively large mass dispersion limitation at low reaction temperature (120 °C). At higher reaction temperature (e.g., 160 °C) where the viscosity of 2-butanol is significantly lower [43, 44] 
Catalyst recycling
Prior to recycling experiments, the heterogeneous nature of the NiO(P)-300 catalyst was evaluated for the CTH reaction by a filtration experiment, where the catalyst was adsorption-desorption isotherms of fresh, used and regenerated NiO(P)-300 catalysts.
Reaction conditions: 1 mmol FF, 0.02 g NiO(P)-300, 5 mL 2-propanol, 120 °C, 3 h.
Scale-up and substrate scope
To evaluate the effectiveness of the NiO(P)-300 catalyst, a gram-scale CTH reaction was performed employing 20 mmol (1.92 g) FF at 140 °C as illustrated in Scheme S1.
The FF conversion was monitored by GC to be near quantitative after 5 h, where after 1.68 g (85.7% yield) of analytically pure (verified by NMR analysis in Figure S10 ) FAOL was obtained after filtration and rotary evaporation, implying that NiO(P)-300 possessed a promising potential for large-scale production of FAOL from FF via the CTH process.
In addition to FF, NiO(P)-300 was successfully employed for CTH of various other aldehydes, including α,β-unsaturated carbonyls, as shown from the results listed in Inspired by the general excellent catalytic performance of NiO(P)-300 in CTH, we further attempted to use NiO(P)-300 combined with other acid catalysts for one-pot transformation of FF to alkyl levulinate, which is hailed as another versatile feedstock for the manufacture of bio-fuels and chemicals [11] . Since isopropyl levulinate (IPL) was not commercially available, pure IPL was prepared according to the method reported by Geboers et al. [45] and the purity confirmed by NMR analysis ( Figure   S11 ). As shown in Table S4 , nearly full FF conversion was achieved over NiO(P)-300 at 140 °C after 2 h of reaction, and the conversion of formed FAOL into IPL was 20 subsequently catalyzed by common acid catalysts such as, e.g. Amberlyst 15, H-Beta, H-ZSM-5, H-MOR and H-Y. Eventually, a IPL yield of 61.5% was obtained from FF over NiO(P)-300 and Amberlyst 15 at 140 °C after 6 h in a two-step procedure, which is close to previously reported results [46] . The superior activity found for Amberlyst 15 compared to zeolites was mainly attributed to its larger amount of acidic sites and stronger acidity (Table S4 ). In line with this, the dominant product from reaction with H-Beta(12.5) was the precursor of IPL, i.e. 2-(isopropoxymethyl)furan, derived from etherification of FAOL with 2-propanol. In contrast, IPL was the main product in the presence of Amberlyst 15 as its large amount of acidic sites and strong acidity further facilitated the transformation into IPL ( Figure S12 ). In addition to the acid amount and acid strength, the narrow channels of zeolites constituting relatively large diffusion limitation probably also contributed to their low catalytic performance [46] .
Anyway, the results clearly demonstrated the potential of NiO(P)-300 to be employed in further upgrading of biomass-derived compounds with the combination of other type catalysts, further supporting the versatility of NiO(P)-300.
CTH reaction mechanism
To get more insight into the mechanism of CTH of FF over NiO(P)-300, poisoning experiments were conducted by adding benzoic acid [47] or piperidine [48] into the reaction system with the aim of poisoning base or acid sites of the NiO(P)-300 catalyst, respectively (Table S5) . The results clearly show that addition of either benzoic acid or piperidine led to significant reductions in FAOL yield, initial FAOL formation rate as well as TOF value, implying the remarkable catalytic performance of NiO(P)-300 was strongly associated with the synergic role of acidic-basic sites within the catalyst.
The results obtained from the above characterization and catalytic testing in combination with knowledge from literature [22, 23, 26, 27] allowed us to propose a plausible reaction mechanism for the CTH process with NiO(P)-300, assuming that the mechanism was associated to MPV reduction facilitated by acidic (Ni It is well-known that Ni-based catalysts, preferable Raney Ni [49, 50] , are efficient 22 catalysts for transfer hydrogenation/hydrogenolysis using alcohols as H-donor, and several Ni-based catalysts have already been reported for CTH of FF to FAOL as compiled in Table 4 [51] [52] [53] [54] [55] . Notably, the NiO(P)-300 catalyst developed in this work exhibited however superior catalytic performance in CTH of FF to FAOL than previously reported Ni-based catalysts. Specifically, the NiO(P)-300 catalyst did not require pre-reduction and H2 gas, or high temperature carbon reduction under inert gas, could therefore be omitted during catalyst preparation making the process cost-effective. Therefore, the facile, low-cost and green preparation method together with high catalytic performance render the developed NiO(P)-300 catalyst a promising substitute of Ni(0)-based catalysts for CTH. 
Conclusions
In this work, 3D hierarchical structures of NiO catalysts (sea urchin-and flower-like) have successfully been prepared via a facile yet environmental-friendly hydrothermal 23 method in the absence of strong or stimulating alkali supply, and demonstrated to be highly active for CTH of FF to FAOL using 2-propanol as both H-donor and solvent.
The 3D hierarchical construction and low calcination temperature (300 °C) contributed to high surface area and large amount of acid-base sites as well as facile active-site accessibility in the catalysts, which were found to play critical roles in the efficient production of FAOL from CTH of FF. A high FF conversion of 91.8% along with 88.9% FAOL yield was achieved under very mild reaction conditions (100 °C, 5 h) using the sea urchin-like NiO(P)-300 catalyst, and FF conversion and FAOL yield were increased to 97.3 and 94.2%, respectively, at 120 °C after only 3 h. Moreover, the effectiveness and heterogeneous nature of the catalyst were confirmed by a low value of activation energy (41.8 kJ/mol), successful gram-scale testing, one-pot conversion of FF into IPL in combination with Amberlyst 15 and filtration experiment, respectively. In addition, the catalyst proved reusable several times without significant activity loss after facile regeneration by calcination (300 °C, in air). Importantly, the catalytic system proved also applicable to CTH of various other aldehydes. In perspective, we envisage the low-cost and efficient catalyst prepared by a green strategy in this work to be a potentially attractive catalyst for industrial CTH of FF as well as other aldehydes.
